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To guide behavior, perceptual systems must operate on intrinsi-
cally ambiguous sensory input. Observers are usually able to
acknowledge the uncertainty of their perception, but in some
cases, they critically fail to do so. Here, we show that a physiologi-
cal correlate of ambiguity can be found in pupil dilation even
when the observer is not aware of such ambiguity. We used a
well-known auditory ambiguous stimulus, known as the tritone
paradox, which can induce the perception of an upward or down-
ward pitch shift within the same individual. In two experiments,
behavioral responses showed that listeners could not explicitly
access the ambiguity in this stimulus, even though their responses
varied from trial to trial. However, pupil dilation was larger for
the more ambiguous cases. The ambiguity of the stimulus for each
listener was indexed by the entropy of behavioral responses,
and this entropy was also a significant predictor of pupil size. In
particular, entropy explained additional variation in pupil size
independent of the explicit judgment of confidence in the specific
situation that we investigated, in which the two measures were
decoupled. Our data thus suggest that stimulus ambiguity is
implicitly represented in the brain even without explicit awareness
of this ambiguity.

ambiguity j uncertainty j confidence j auditory perception j pupillometry

To infer the objects and characteristics of our environment,
perceptual systems must deal with sensory data that is

inherently incomplete and therefore ambiguous. The most
common view to explain how we overcome this fundamental
issue is that prior knowledge is combined with incoming inputs,
taking the reliability of each source of information into account
(see e.g., refs. 1 and 2). In this perspective, perception is thus
described as a Bayesian inference process that estimates proba-
bilities about the candidate object [(3), although see ref. 4 for a
debate].

One central question in this framework is how the uncertainty
is represented at the various stages of perceptual processing and,
relatedly, how it may be explicitly reported by observers. Studies
of metaperception have long shown that observers can have a
good sense of the accuracy of their own perceptual decisions
when they report their confidence (e.g., ref. 5). However, there
are also clear cases of a disconnect between the objective uncer-
tainty of perception as measured by performance and the subjec-
tive uncertainty reported by observers. Recently, stimuli such as
#TheDress (6) in vision and Laurel/Yanny (7) in audition have
provided vivid illustrations of a seemingly complete disconnect
between ambiguous stimuli, as shown by the different perceptual
interpretations reported by different observers and a very high
confidence for all observers nonetheless. This pattern of high
confidence, despite high variability in perceptual judgments, can
also be demonstrated within the same observer. For instance, a
na€ıve listener hearing pairs of tones with ambiguous frequency
shifts perceives upward or downward shifts across different trials
(8, 9), with high confidence in both cases (10).

In the present study, we ask whether this ambiguity, even
though it is not consciously accessed by participants, might

still be explicitly represented within the perceptual system. Spe-
cifically, we looked for a correlate of ambiguity in the pupil
dilation signal. It is well established that pupil size fluctuates in
response to cognitive processes, even when luminance is kept
constant. Cognitive effects on pupil size have been found for
various tasks such as mental arithmetic (11), memory [(12), see
ref. 13 for a review], or control tasks (reviewed in ref. 14).
Directly relevant to the question of ambiguity, pupil size is also
affected by uncertainty in learning (15–19) and by uncertainty
in perceptual decision tasks (12, 20, 21). At the neural level, it
is thought that changes in pupil dilation reflect the activity of
neuromodulatory networks, including norepinephrine (also
called noradrenaline) and acetylcholine (22–24), which may for
instance enhance sensory processing and cognitive flexibility
(for reviews see e.g., refs. 25–27).

Perceptual uncertainty, which broadly includes cases of
ambiguity, has been related to pupil dilation in two kinds of
studies. Some studies have used stimuli approaching the dis-
crimination threshold between two categories and measured
larger pupil size for more difficult stimuli (20, 21, 28). In this
case, decisions are typically made with low confidence, as sen-
sory support for either response is weak, and participants are
aware of the uncertainty (21). Another kind of study involves
bistable perception, in which the uninterrupted presentation of
an ambiguous stimulus triggers alternations between two clear
percepts (for reviews see refs. 29 and 30). When participants
have to monitor these alternations, pupil size was found to
increase around the time of perceptual switches (31). Impor-
tantly, whether in threshold or bistable stimuli, pupil dilation

Significance

The perception of our environment usually comes with a
sense of how uncertain or certain we are about what we
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may reflect either uncertainty per se, or instead, it may reflect
participants’ explicit awareness of the uncertainty, the deliber-
ate cognitive effort associated with resolving ambiguity, or even
motor response preparation (e.g., ref. 32 for the case of
bistability).

This distinction is critical: If pupil dilation indexes uncer-
tainty per se, it reflects at least in part a fundamental and some-
what elusive ingredient of all probabilistic models of perception
(33); otherwise, it could be a more generic consequence of
arousal or cognitive effort. To test this distinction, we ask
whether pupil dilation could be sensitive to stimulus uncertainty
when participants are fully unaware of such uncertainty. This
controls for the awareness of uncertainty and for conscious
mental effort. We also ensured that task demands were identi-
cal for conditions of varying uncertainty, controlling for
response-related effects.

In two experiments, we asked participants to report the per-
ceived pitch change (“up” or “down”) for pairs of so-called
Shepard tones (8, 9). Shepard tones are created by stacking
octave-related frequency components so that the dominant
pitch–shift percept corresponds to the shortest log–frequency
distance across components (8). Crucially, when the interval
between two Shepard tones is a half-octave, there is no shortest
log–frequency distance; the stimulus is intrinsically ambiguous,
and the percept varies across listeners or even across repeated
presentations in the same listener (8, 9). Here, the ambiguous
nature of the stimuli was never mentioned to participants,
whose behavioral responses indicated no explicit awareness of
this ambiguity, confirming previous findings (10). By contrast,
their pupil dilation was highest in the ambiguous conditions,
and it was also correlated with the objective uncertainty in the
stimuli (quantified via the entropy of perceptual decisions).

In sum, we present empirical evidence for a nonconscious
representation of auditory uncertainty, that is reflected in pupil
dilation in human listeners. This shows that the neuromodula-
tory systems involved in the conscious monitoring of uncer-
tainty may also represent a form of unconscious uncertainty,
consistent with this uncertainty being resolved before the per-
ceptual content reaches awareness. Evidence for an early repre-
sentation and resolution of uncertainty also echoes with the
classic idea of perception as unconscious inference (see e.g.,
ref. 34). Finally, such a finding contributes to our understand-
ing of the interplay between perceptual processing, perceptual
awareness, and metacognition (e.g., ref. 35).

Results
Experiment 1: Response Variability and Pupil Dilation for Ambiguous
Tone Shifts.
Behavioral evidence for unaccessed ambiguity. Participants (n =
20) were presented with pairs of Shepard tones with various
intervals between the first and second tone while their pupil
size was recorded. They indicated the direction of the change
between the two tones through button presses after an enforced
delay period to provide enough time to observe pupil size
(Fig. 1A).

Fig. 1B illustrates the stimulus conditions. It is expected that
cases for which there is clearly a shorter path in log– frequency
space will provide unambiguous pitch–shift responses corre-
sponding to this shortest path (e.g., an upward shift for a 2
semitone [ST] interval). In the 6 STcase, or half-octave, there is
no shortest path, and responses are expected to vary. In the 0 ST
case, there is no actual frequency shift, so responses are expected
to be driven by internal noise and not stimulus ambiguity. We
also introduced a last condition, termed ±2 ST. In this case, two
nonambiguous frequency shifts were introduced in opposite
directions. Here, as well, responses are expected to vary but for a
third reason: the choice between two nonambiguous shifts. In

order to allow participants to freely report their behavioral per-
cept without forcing an inaccurate report for the 0 ST or 6 ST
conditions, we instructed participants to choose between four
response options: "up," "down," “both,” or “neither.”

Fig. 1C shows the behavioral responses of participants. As
expected, in nonambiguous conditions, participants reported
most often hearing a sound going up for shorter intervals
(2 ST and 4 ST conditions) and down for larger intervals (8 ST
and 10 ST conditions). In the 6 ST condition, however, they
reported up and down equally often, demonstrating the ambi-
guity of this specific stimulus.

To test whether participants had explicit access to this ambi-
guity in Experiment 1, we gave them the opportunity to indicate
whether they heard both directions or neither. They did not use
these responses for the 6 ST condition, suggesting that they
were unaware of the ambiguity there. We could verify nonethe-
less that these options were used appropriately otherwise. In
the condition with 0 ST between the two Shepard tones (i.e.,
the first and second tone were identical), participants systemati-
cally reported hearing neither direction. In the condition where
the stimulus contained both a +2 ST shift and a �2 ST shift,
participants mostly heard both directions, as expected, but also
sometimes up or down.
Pupil dilation is associated with response entropy and interval
size. The ambiguity of the 6 ST condition is unaccounted for by
explicit reports of participants, but by monitoring pupil size
during the task, we could evaluate whether this ambiguity may
have been represented at an implicit level. Fig. 2A illustrates
for each condition the average pupil response evoked by the
stimulus, which peaked at around 2 s after the stimulus onset
and then slowly returned to baseline levels.

Fig. 1. Behavioral responses to ambiguous frequency shifts. (A) Schematic
showing task design and timing on each trial. After a variable baseline
period of 3 to 5 s, participants heard two tones (T1 and T2, 250 ms each)
separated by 250 ms. At the end of the waiting period (4 s after T1 onset,
cued by offset of background noise), participants made a keypress
response categorizing the change between T1 and T2. (B) Schematic spec-
trograms showing stimuli in each condition of Experiment 1. Dashed lines
indicate the shortest path between components, with upward and down-
ward paths equally prominent at 6 and ±2 ST. (C) Probability of each
behavioral response by condition in Experiment 1. Responses "up" and
"down" are equivalently frequent at 6 and ±2 ST, but the response
"both" is more frequent at ±2 ST. Error bars show ±1 SEM (n = 20).
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To evaluate whether this evoked pupil dilation varied across
conditions, we conducted a one-way, repeated-measures
ANOVA at each time point from 1 to 4 s after stimulus onset,
and the resulting F statistics were used in a cluster-based per-
mutation test. This procedure identified a significant cluster for
the effect of condition between 2.06 and 4 s after stimulus onset
(total F = 375.01, P < 0.001). Pairwise comparisons within this
cluster (Bonferroni corrected α = 0.0024 for 21 comparisons
between seven conditions) revealed that the 6 ST, ±2 ST, and 4
STconditions evoked greater pupil dilation than the 0 STcondi-
tion, with no other significant differences (see Fig. 2B for pupil
size within this cluster).

Considering the two conditions with the greatest pupil dila-
tion (6 and ±2 ST), the increased pupil dilation at ±2 ST is
expected because not only did participants exhibit behavioral
variability here but also some degree of explicit awareness of
this variability (as evidenced by the occasional use of the both
response). More interesting, and perhaps surprising, is the
increased pupil dilation at 6 ST, because here participants
showed no evidence of awareness of the inherent ambiguity in
the stimulus. Participants nevertheless demonstrated behavioral
variability for the 6 ST condition, so results for the ±2 STand 6
STconditions suggest that pupil dilation is associated with over-
all behavioral variability, with or without conscious awareness
of such variability.

To test this hypothesis, we quantified behavioral variability
by computing the entropy of responses over the course of the
whole experiment. Looking at pupil dilation together with the
entropy of behavioral responses, our data suggest a relationship
between these two quantities. Indeed, the two conditions with
the highest pupil dilation (6 and ±2 ST) are also the conditions
with the highest entropy (Fig. 2C), while the condition with the
least pupil dilation (0 ST) is also the condition in which entropy
is lowest (responses are most predictable).

We confirmed this relationship at the individual level by
regressing for each participant pupil size against entropy at

each sample between 1 and 4 s after stimulus onset. Comparing
the regression coefficients against zero using a cluster-based
permutation test identified a significant cluster between 1.78
and 3.96 s (total t = 308.41, P = 0.017), with positive weights
indicating an effect of response entropy on pupil size (Fig. 3 A,
C, and E).

However, in our experimental design, the size of the
log–frequency shift between the two tones covaried with both
entropy and pupil size. Indeed, when we replicated the previous
analysis with interval size instead of entropy, we also found a
significant cluster between 1.8 and 4 s (total t = 327.04, P =
0.009; see Fig. 3 B, D, and F). To evaluate which of these two
possible quantities (entropy versus interval size) best accounted
for pupil dilation, we compared two different Bayesian hierar-
chical models, in which the mean pupil dilation in the condition
cluster (2.06 to 4 s) was predicted from entropy or interval size.
Both models significantly outperformed the null model with
only an intercept per participant (entropy: ΔDIC = �29, P <
0.001; interval size: ΔDIC = �9, P = 0.011). Importantly, the
entropy model also explained pupil size better than the interval
size model (ΔDIC = �20, P < 0.001).

In sum, in Experiment 1, we found that conditions associated
with greater variability in perceptual decisions (higher entropy)
also elicited greater pupil size, even though participants were
completely unaware of the ambiguity of the stimulus in the case
of 6 ST Shepard tones. Interval size may have been a possible
confounding factor for the effect of entropy on pupil size, but
model comparison provided some evidence favoring an expla-
nation of the data based on entropy.

Experiment 2: Comparing Ambiguous and Nonambiguous Tone Shifts.
Behavioral evidence for unaccessed ambiguity. In Experiment 2,
we sought to confirm our main finding that pupil size would sig-
nal unaccessed ambiguity, while introducing three modifications

Fig. 2. Pupil dilation in Experiment 1. (A) Pupil dilation throughout the
trial, baseline corrected from 100 ms before T1 onset to T2 onset, z-scored
for each subject, and averaged across subjects in each condition. For plot-
ting purposes, 2 and 10 ST are combined, and 4 and 8 ST are combined, as
these conditions have equivalent interval sizes (note that they were sepa-
rate conditions in our analyses). Gray regions indicate the presentation of
T1 and T2. The dashed vertical line indicates the onset of the response
window. The horizontal gray bar indicates the temporal cluster in which
the main effect of condition on pupil size was significant. Colored regions
show ±1 SEM (n = 20). (B) Pupil dilation (averaged over the identified clus-
ter) for each interval size. (C) Entropy of behavioral responses for each
interval size. Error bars show ±1 SEM (n = 20).

Fig. 3. Pupil dilation correlates with response entropy and interval size
for ambiguous frequency shifts. (A) Time course of the entropy-related
pupil response in Experiment 1, shown as beta weights from sample-by-
sample regressions of response entropy on pupil size. The horizontal bar
indicates P < 0.05 in a cluster-corrected permutation test against zero, and
the colored region shows ±1 SEM (n = 20). (B) Time course of the interval
size-related pupil response, as in A but replacing response entropy with
interval size. (Center) Individual coefficients for response entropy (C) and
interval size (D) in two separate Bayesian hierarchical models of mean
pupil dilation from 2.06 to 4 s in Experiment 1. (Right) Comparison of pre-
dictions from the response entropy (E) and interval size (F) models and
observed data. Each subject’s individual mean has been subtracted from
both model predictions and observed data in order to focus on within-
subject differences. Each circle shows one condition for one listener, with
the associated response entropy or interval size shown by both the color
and the size of the circle.

N
EU

RO
SC

IE
N
CE

PS
YC

H
O
LO

G
IC
A
L
A
N
D

CO
G
N
IT
IV
E
SC

IE
N
CE

S

Graves et al.
An implicit representation of stimulus ambiguity in pupil size

PNAS j 3 of 10
https://doi.org/10.1073/pnas.2107997118



in the design. First, awareness of ambiguity was now evaluated
more explicitly, via confidence ratings on a scale from 1 to 4,
following up versus down judgments. Second, we only tested
small intervals (difference limens [DL]), medium (2.5 ST), and
large (5.5 ST) intervals. Since the 0 ST and ±2 ST conditions
were only introduced in Experiment 1 to confirm the valid use
of the "both" and "neither" response options, we no longer need
these conditions in Experiment 2 and could thus have a more
homogeneous stimulus set in which there was always one and
only one frequency shift to judge in all conditions. Third, to dis-
sociate pupil size from interval size, we tested not only Shepard
tones but also harmonic complex tones, which unlike Shepard
tones should produce no ambiguity (and therefore minimal
pupil dilation) in the large-interval condition (Fig. 4 A and B).

Behavioral results are shown in Fig. 4 C and E. As antici-
pated, the design of Experiment 2 dissociated response variabil-
ity from interval size. Indeed, response variability decreased
with interval size for harmonic tones [F(1,24) = 13.14, P <
0.001] but increased with interval size for Shepard tones
[F(1,24) = 23.37, P < 0.001]. A two-way, repeated-measures
ANOVA confirmed the tone type × interval size interaction on
response variability [F(2,48) = 47.46, P < 0.001] and indicated a
main effect of tone type [F(1,24) = 17.73, P < 0.001] but no
main effect of interval size. Importantly, post hoc comparisons
at each interval (Bonferroni corrected α = 0.017) indicated
greater response variability for Shepard than harmonic tones at
5.5 ST but not in the other conditions. This shows that we could
manipulate response variability while keeping interval size
constant at 5.5 STwhen contrasting our two types of stimuli.

In line with Experiment 1 and with prior research (10),
participants’ unawareness of the ambiguous nature of large-
interval Shepard tones was confirmed as well, with high
confidence expressed for this condition (Fig. 4 D and F). For
harmonic tones, confidence was also high for the large-interval
condition, as expected since the pitch shift is subjectively large.
The two-way ANOVA on confidence ratings confirmed the
main effect of interval size [F(2,48) = 13.58, P < 0.001], with
no main effect of tone type, but also indicated a tone type ×

interval size interaction [F(2,48) = 7.98, P = 0.001]. Post hoc
pairwise comparisons between intervals for each tone type
(Bonferroni-corrected α = 0.0083) indicated significant differ-
ences between all intervals for harmonic tones, whereas for
Shepard tones confidence was lower for the DL condition but
similar between 5.5 STand 2.5 STconditions.

Note that although confidence was blind to the ambiguity of
large-interval Shepard tones, we could verify that it was not
blind to fluctuations of performance in general. Indeed, a
three-way ANOVA on confidence considering accuracy, inter-
val size, and tone type found not only a main effect of interval
size [F(2,48) = 19.59, P < 0.001] but also a main effect of accu-
racy, with higher confidence for correct responses than for
errors [F(1,24) = 48.86, P < 0.001]. There was also a type ×
accuracy interaction [F(1,24) = 5.20, P = 0.032], reflecting a
stronger variation of confidence with accuracy for harmonic
complexes than for Shepard tones. No other significant main
interactions or effects were observed in this ANOVA. In sum,
this suggests that participants’ confidence ratings truly carried
information about the accuracy of their perceptual decisions
above and beyond the variation of interval size and tone type.
Pupil dilation reflects both implicit ambiguity and explicit confi-
dence. Despite the inability of participants to acknowledge the
ambiguity in the stimulus for large-interval Shepard tones,
pupil size was greater in this condition compared with other
conditions (Fig. 5). Indeed, our cluster-based permutation
approach revealed a significant cluster in which pupil size was
sensitive to the tone type × interval size interaction (2.1 to 2.96
s, total F = 172.63, P = 0.04). There was also a cluster for the
main effect of tone type (2.52 to 4 s, total F = 382.23, P = 0.05)
but no cluster for interval size. Critically, pairwise comparisons
within the interaction cluster (Bonferroni-corrected α = 0.017)
revealed that Shepard tones evoked greater pupil dilation
than harmonic complexes at 5.5 ST but not at 2.5 ST or DL.
Variations of pupil size across conditions thus mirrored the
variations of behavioral variability reported in the previous sec-
tion: Both pupil size and behavioral variability were maximal
for ambiguous Shepard tones. The results of Experiment 2 thus
replicate the finding of Experiment 1 that pupil size carries a
signal about stimulus ambiguity even in the absence of subjec-
tive awareness about this ambiguity.

Measuring confidence in Experiment 2 allowed us to evalu-
ate the suggested relationship between confidence and pupil
size in our data. To do so, we conducted separate regressions of
pupil size against the z-scored values of entropy, inverse confi-
dence, and interval size (Fig. 6). The resulting regression
weights were then compared against zero using cluster-based
permutation tests. A significant cluster was identified for
entropy (2.9 to 4 s, total t = 140.29, P = 0.047) but not for
either of the other two predictors. Weights for inverse confi-
dence were positive consistently with past studies (20); how-
ever, for confidence, no cluster could reach significance.

The goal of our last analysis was to select the best factors
affecting pupil size in Experiment 2. To do so, we used a Bayes-
ian model selection procedure, starting from the full model
(entropy, confidence, interval size, tone type, and all interac-
tions) and eliminating the weakest effects one by one until the
Deviance Information Criterion (DIC) of the resulting model
was at least +6 relative to the previous model, indicating a sig-
nificant loss of information. The final model produced by this
selection procedure contained the main effects of both entropy
and (inverse) confidence, suggesting that both predictors con-
tributed to the pupil response (Fig. 7). The final model also
included interactions of entropy by size (with a stronger effect
of entropy for large intervals) and of confidence by tone type
(with a stronger effect of confidence for Shepard tones). This
model was significantly more likely than either a null model
containing only an intercept effect (ΔDIC = �28, P < 0.001) or

Fig. 4. Behavioral responses to ambiguous and unambiguous frequency
shifts. (A and B) Schematic spectrograms of stimuli in Experiment 2, with
dashed lines indicating shortest paths between components. The DL is the
listener’s individually measured frequency DL. Ambiguity emerges at 5.5
ST for Shepard tones but not for Harmonic complexes. (C and D) Probabil-
ity of responding "up" and average confidence rated on a four-point scale
for each condition in Experiment 2. Behavioral variability is greatest for
5.5 ST Shepard tone intervals and smallest for 5.5 ST harmonic complexes.
Confidence is lowest at the DL for both tone types. Colored regions show
±1 SEM (n = 25). (E and F) Response entropy and confidence for each tone
type and interval size, collapsing across interval sign. Error bars show ±1
SEM (n = 25).
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the full model with all possible effects and interactions (ΔDIC
= �15, P < 0.001).

Discussion
In two experiments, we presented ambiguous auditory stimuli,
namely large-interval Shepard tones, to na€ıve listeners. Behav-
iorally, the ambiguity of these stimuli was evidenced by the fact
that they were equally likely to be perceived as sounds going up
or down in pitch. However, in a given trial, participants did not
perceive both directions but only one (Experiment 1), with a
high level of confidence (Experiment 2). In other words, listen-
ers were not aware of the intrinsic ambiguity in the stimulus
that caused subsequent behavioral variability in their responses.
In both experiments, however, pupil dilation was sensitive to
this nonconsciously perceived ambiguity: pupil size increased
more for ambiguous stimuli than for any other stimuli. Quanti-
fying stimulus uncertainty as the entropy of the behavioral
responses over the course of the experiment, we found that
pupil dilation was correlated with stimulus uncertainty, inde-
pendently of participants’ subjective awareness of this uncer-
tainty on any given trial. We now interpret this main result by
considering various factors known to affect pupil dilation.

Pupil Dilation Does Not Only Reflect Perceived Qualitative
Differences between Stimuli. A first potential confound that is
important to rule out from the outset is that, in Experiment 2,
Shepard tones and harmonic complex tones had a different tim-
bre—they were audibly different to listeners. Moreover, Shep-
ard tones sound less similar to natural sounds than harmonic
complex sounds. If Shepard tones simply sounded “odd” to the
listeners, this could have induced a greater pupil dilation for
them (36). Critically though, this difference in timbre was pre-
sent for all conditions, ambiguous or not. Thus, it cannot
explain the key finding that pupil dilation was highest only for
the ambiguous, large intervals made of Shepard tones and not,
for instance, for the same but unambiguous, large intervals

made of harmonic complex tones. In other words, such a con-
found could explain a main effect of tone type, but it could not
explain the observed interaction between tone type and interval
size. Therefore, pupil dilation was not only due to perceivable
differences across stimulus categories but rather reflected stim-
ulus ambiguity in all cases, with or without subjective awareness
of this ambiguity.

Pupil Dilation Does Not Only Reflect Cognitive Effort. A second
possible interpretation of the results could be sought in the
classic findings relating pupil dilation to cognitive effort [(12,
37); see ref. 36 for a review in the auditory domain]. In the
present case, it may be argued that larger pupil dilation for
ambiguous sounds reflected a greater listening effort or higher
processing load for such stimuli. A similar idea has indeed been
explored for the lexical ambiguity between two different mean-
ings of a word, which may require more effort (38) and indeed
elicit greater pupil dilation (39). A key difference with our
study, however, is that the two competing interpretations are
well known to participants in the case of lexical ambiguity,
whereas they are not in the case of ambiguous Shepard tones.
More generally, we would argue that an interpretation in terms
of effort alone cannot fully account for our data for two rea-
sons. Firstly, had ambiguous Shepard tones imposed a higher
cognitive load or a greater listening effort, one would expect
also lower confidence judgments for these stimuli. This was not
the case in our data nor was it the case in a previous study in
which response times were also collected but showed no

Fig. 5. Pupil dilation in response to ambiguous and unambiguous fre-
quency shifts. (A and B) Time course of pupil dilation in Experiment 2,
baseline-corrected, z-scored, and averaged across subjects in each condi-
tion. Gray regions indicate T1 and T2 presentation. The dashed vertical
line indicates the onset of the response window. Gray horizontal bars indi-
cate P < 0.05 in a cluster-corrected permutation test, in dark gray (1) for
the interaction of interval size by tone type on pupil size, and in light gray
(2) for the main effect of tone type on pupil size. Colored regions show ±1
SEM (n = 25). (C and D) Pupil size in each condition averaged within the
interaction cluster (1) and the tone type cluster (2). Error bars show ±1
SEM (n = 25).

Fig. 6. Pupil dilation correlates with response entropy. (A) Time course of
the entropy-related pupil response in Experiment 2, shown as beta
weights from sample-by-sample regressions of response entropy on pupil
size. The horizontal bar indicates P < 0.05 in a cluster-corrected permuta-
tion test against zero, and the colored region shows ±1 SEM (n = 25). (B)
Comparison across conditions of response entropy and mean pupil dilation
in the overall cluster previously identified in Experiment 1 (2.06 to 4 s).
Error bars show ±1 SEM. (C) Time course of the confidence-related pupil
response, as in A but replacing response entropy with confidence ratings,
inverted to reflect the expected direction of the effect. No significant clus-
ter was identified. (D) Comparison across conditions of inverted confi-
dence and pupil dilation, as in B. (E) Time course of the interval
size–related pupil response, as in A but replacing response entropy with
interval size. No significant cluster was identified. (F) Comparison across
conditions of interval size and pupil dilation, as in B.
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evidence of a greater effort for ambiguous Shepard tones (10).
Secondly, in our second experiment, intervals presented at the
listener’s DL arguably require more listening effort in terms of
discrimination, but they were not those for which pupil dilation
was the largest. Importantly, this does not imply that effort
plays no role in our data, only that it does not constitute a
simple and complete explanation.

Pupil Dilation Does Not Only Reflect Metacognitive Confidence. A
third framework to interpret our findings is related to the
notion of confidence, which has been shown to be reflected in
pupil size (e.g., refs. 19 and 20). Several points can be made in
regard to this.

First of all, it is important to note that entropy and confi-
dence index distinct facets of the notion of uncertainty. Confi-
dence, as we operationalized it, is a measure of conscious
uncertainty, namely a form of uncertainty that is subjectively
felt and can be reported by participants. Entropy, on the other
hand, is a measure of objective, behavioral uncertainty, which
may or may not be reflected to consciousness. In typical percep-
tual tasks with near-threshold stimuli, confidence and entropy
are negatively correlated. However, when ambiguous stimuli
are introduced, these two factors can be dissociated, since the
ambiguous condition may, paradoxically, be associated with
both high confidence and high entropy. In Experiment 2, we
found in particular that although entropy and confidence were
only weakly correlated, both factors contributed to pupil
dilation.

Secondly, the high confidence observed in Experiment 2
comports with the decoupling of explicit reports of confidence
from the behavioral variability observed in a previous study of
ambiguous, Shepard-tone, 6 ST intervals (10): While trained

musicians and nonmusicians showed the same behavioral vari-
ability in their responses, nonmusicians showed increased confi-
dence whereas musicians show decreased confidence in their
responses to the ambiguous stimulus. In the present study, the
majority of participants included listeners with no or little musi-
cal experience, who showed high confidence in the ambiguous
condition. Thus, the stronger association between entropy and
pupil response reveals that already in na€ıve listeners we find a
neural signature of ambiguity processing. How this neural sig-
nal of ambiguity changes with expertise and possibly reaches
awareness constitutes a question for future research.

Thirdly, although response times are sometimes considered
as an implicit measure of confidence, they may not provide a
good account of pupil dilation in the ambiguous condition in
our study. In our previous study, the ambiguous condition was
not associated with longer response times in untrained listeners
(10). Besides, for nonambiguous stimuli, pupil dilation corre-
lates with evidence strength even when controlling for response
time (21). Our paradigm did not allow for an informative mea-
surement of response time, since listeners had to wait several
seconds before responding, likely well after a perceptual deci-
sion has been made. Future studies could modify the paradigm
to allow quick responses and compare the two measures for
sensitivity to this ambiguity.

Pupil Dilation and the Implicit Processing of Stimulus Uncertainty.
In light of the alternative interpretations discussed so far and
their limitations, we argue that a specific and parsimonious
interpretation of our results is that, even when listeners were
not conscious of it, the uncertainty associated with an ambigu-
ous stimulus was reflected in their pupillary response. We may
say that the eye knows something that the I doesn’t: In implic-
itly ambiguous conditions, participants lacked metacognitive
access of their variable behavior, but the pupil tracked it.

A number of previous studies have proposed that pupil dila-
tion is sensitive to uncertainty, as outlined in the introduction
(15–21, 28), with various definitions of uncertainty, from reward
structure to stimulus identity to internal parameters of proba-
bilistic models. Here, we operationalized stimulus uncertainty
as the variability of behavioral responses to repeated presenta-
tions of that stimulus. Importantly, we argue that, although
measured across trials in our experimental setting, uncertainty
is in fact inherent to the stimulus itself. Supporting this view,
we show that pupil dilation varies on a trial-by-trial basis as a
function of this measure. More generally, even for single pre-
sentations, the sensory representation of a stimulus will neces-
sarily contain some degree of uncertainty (3). Consistently, with
recent accounts of entropy that emphasize the probabilistic
character of neural representations (40), it seems likely that
the brain is simply maintaining probabilistic representations of
the environment that collapse, at some later level, into one
interpretation.

Our findings extend previous studies concerned with pupil-
lary response to bistable stimuli (31, 32), as bistable stimuli
exhibit high stimulus uncertainty under our definition. In these
studies, pupil dilation was observed around the time of the per-
ceptual switches reported by observers. Einh€auser et al. (31)
proposed that, consistent with current models of bistability,
ambiguity resolution involved a competition between alterna-
tive interpretations of the stimulus along the perceptual
pathways (see e.g., ref. 41). They then argued that the neuro-
modulatory activity reflected in pupil dilation was a gain signal
consolidating the interpretation emerging from the competi-
tion, thus favoring the emergence of a stable percept. However,
Hup�e et al. (32) pointed out that instead of revealing mecha-
nisms involved in resolving ambiguity, pupil dilation may rather
reflect the consequence of this resolution, such as awareness of
a perceptual change or subsequent motor responses. Since our

Fig. 7. Modeling the effects of response entropy and confidence on pupil
dilation. (A) Individual coefficients for each of the four effects in a Bayes-
ian hierarchical model of mean pupil dilation from 2.06 to 4 s in Experi-
ment 2. Error bars show ±1 SEM (n = 25). (B) Comparison of response
entropy and confidence in Experiment 2. Each circle shows one condition
for one listener, with the associated mean pupil dilation shown by both
the color and size of the circle. Response entropy and confidence are neg-
atively correlated (r = �0.37), but examples of both high-entropy/high-
confidence and low-entropy/low-confidence combinations are numerous.
(C) Comparison of predictions from the Bayesian hierarchical model and
observed data. Each subject’s individual mean has been subtracted from
both model predictions and observed data, in order to focus on within-
subject differences. Each circle shows one condition for one listener, with
the associated response entropy shown by both the color and the size of
the circle. (D) The same as in C but with color and size of circles showing
confidence rather than response entropy.
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participants were neither told of the potential ambiguity of the
stimulus, nor asked to wait for a switch in their percept (see
ref. 42), and since they were unaware of the stimulus uncer-
tainty, our paradigm does not suffer from the potential con-
founds raised by Hup�e et al. (32). In other words, rather than
reflecting the consequence of ambiguity resolution, our results
may indeed help characterize its neural underpinnings.

This allows us to reconsider the proposed role of neuromo-
dulation in the resolution of perceptual ambiguity and uncer-
tainty more generally. For instance, neuromodulatory signals
reflected in pupil dilation could facilitate the emergence of a
stable interpretation of the stimulus in rivalrous conditions
through gain modulation (31). Other proposals have related
neuromodulators to network resets (43), the regulation of
exploration versus exploitation (25, 44, 45), or the coordination
of neural activity across brain regions (46). All of these func-
tional roles may be useful to ambiguity resolution. Our data do
not specifically arbitrate between these proposals but show that
neuromodulation may operate independently of the subjective
awareness of the uncertainty. It remains an open question how
stimulus ambiguity becomes accessible to consciousness and
why it sometimes remains altogether hidden from awareness.

Materials and Methods
Experiment 1.
Listeners. A total of 20 adult listeners, 13 female and 7 male and 16 right
handed and 4 left handed, were recruited to participate in the study. The
number of participants was determined before data collection using a power
analysis (available at https://osf.io/skdfp). In audiometric screening, 19 listeners
had thresholds at or below 20 dB hearing level (HL) for octave frequencies 250
to 8,000 Hz, and one listener had thresholds at or below 35 dB HL for these
frequencies. Listeners ranged in age from 20 to 49 y old (M = 27.45, SD = 6.92)
and reported an average of 2.95 y of musical training, with 12 out of 20 listen-
ers reporting nomusical training at all. When asked to rate their level of musi-
cal ability on a scale from 1 to 10, listeners rated themselves at a mean of 2.43
(SD = 2.01). All listeners gave their written informed consent to participate in
the experiment, in accordancewith the Declaration of Helsinki and local ethics
procedures. The experiment was approved by a local ethics committee (Con-
seil en �ethique pour les recherches en sant�e [CERES], institutional review
board [IRB] approval 20154000001072).
Stimuli and apparatus. The auditory stimulus on each trial was composed of
two consecutive, complex tones, T1 and T2, each with a duration of 250 ms,
including 10-ms on- and off-ramps. Tones were separated by a silent interval
of 250 ms, such that T2 onset occurred 500 ms after T1 onset. All tones were
embedded in threshold-equalizing noise (47) at 40 dB sound pressure level
(SPL) within the equivalent rectangular bandwidth (ERB) centered around 1
kHz, whichwas 10 dB below themaximum level for a single-frequency compo-
nent of a tone (50 dB SPL). The delay between noise onset and T1 onset ran-
domly varied from 3 to 5 s on each trial, and the offset of the noise always
occurred 4 s after the onset of the first tone.

In most experimental conditions, both complex tones were Shepard tones
(8), consisting of a base frequency multiplied by every integer power of two,
such that components are spaced at octaves and extend above and below the
base frequency. A constant spectral envelope was applied to the components
of each tone regardless of base frequency, taking the form of a Gaussian dis-
tribution with a centroid of 1 kHz and an SD of 1 octave. Tones were scaled
such that the maximum presentation level of a component within this spectral
envelope was 50 dB SPL.

See Fig. 1B for a schematic depiction of the different experimental condi-
tions in Experiment 1. The distance separating the base frequencies of the two
tones varied depending on the experimental condition: The base frequency of
T2 was either 0, 2, 4, 6, 8, or 10 ST higher than the base frequency of T1. The
base frequencies of the two tones were centered around one of four center
frequencies: 440 Hz (A4), 523 Hz (C5), 622 Hz (D#5), or 740 Hz (F#5). These four
center frequencies were presented in equal number to each participant in
each experimental condition in a randomized order.

One experimental condition, termed ±2 ST, differed qualitatively from all
the other conditions in terms of stimulus construction. The first tone in this
condition was a Shepard tone, as in all other conditions. The frequency com-
ponents of the second tone were then chosen according to the following rule:
Components an odd number of octaves away from the base frequency were
shifted down by 2 ST, while components an even number of octaves away

from the base frequency were shifted up by 2 ST. In this way, the amount of
evidence for an upward frequency shift is equal to the amount of evidence for
a downward frequency shift, as in the 6 ST condition.

All sounds were generated withinMATLAB (TheMathworks) using a 24-bit
RME Digiface USB soundcard (Audio AG) and were presented diotically
through DT770 headphones (Beyerdynamic) at a sampling rate of 44.1 kHz.
Pupillometric data were recorded from both eyes simultaneously using a Pupil
Core eye tracker (Pupil Labs) at a sampling rate of 200 Hz.
Procedure. Listeners first completed a brief training and orientation proce-
dure in which the behavioral task was explained and demonstrated to them
without pupillometric recording. Listeners were instructed to characterize the
direction of the change between the two tones presented on each trial using
one of four response options: "up," "down," "both," or "neither," coded as
the up, down, right, and left arrow keys, respectively. Listeners were asked to
use the "up" or "down" responses if they heard only a single direction of
change, the "both" response if they heard evidence for two directions of
change on a single trial, and the "neither" response if they thought there was
no change between the two tones. Stimuli during the training procedure
were as in the full test, except that toneswere harmonic complexes containing
all integer multiples of the fundamental frequency (F0), which eliminates the
ambiguity inherent in Shepard-tone stimuli. In the training ±2 ST condition,
T2 consisted of two simultaneous harmonic complexes, with F0s at +2 ST and
�2 ST relative to the F0 of T1. In a randomized order, listeners completed four
trials each of four training conditions:�2 ST, 0 ST, +2 ST, and ±2 ST for a total
of 16 trials.

After the training procedure, listeners completed the full test while pupil
diameter was continuously recorded from both eyes. During the full test, lis-
teners were instructed to fixate on a cross in the center of the screen and to
wait until 4 s after T1 onset before responding on each trial. The 4-s mark was
indicated by the offset of masking noise, as well as a change in the color of
the fixation cross. Listeners completed a total of 120 trials in the full test, with
experimental conditions presented in a randomized order. Each listener com-
pleted a total of 24 trials each for the 0 ST, 6 ST, and ±2 ST conditions and 12
trials each for the 2, 4, 8, and 10 ST conditions. The 2 and 10 ST conditions, as
well as the 4 and 8 ST conditions, produce perceptually equivalent stimuli with
dominant shifts in opposite directions. When these pairs of conditions are
combined, there are 24 trials in each condition.

Quantifying variability in behavioral responses with entropy. We used
entropy (48) as an objective measure of behavioral variability in each
condition:

H = � ∑
4

r=1
pr log2 pr

where H is the entropy or empirical uncertainty in the behavioral response, pr

is the probability of one response type [e.g., p(up)] for one subject in one con-
dition, and r varies from 1 to 4 for the four response types. A condition in
which one response was chosen 100% of the time would have 0 bits of
entropy (the minimum), while a condition in which each of the four responses
was chosen 25% of the time would have 2 bits of entropy (the maximum).
This classical measure of entropy can be interpreted as variability, uncertainty,
surprisal, or information (40). In a condition with 0 entropy, the responses are
invariable, certain, unsurprising, and contain no information; whereas in a
condition with 2 bits of entropy, the responses are variable, each response is
uncertain and surprising, and conveys information.
Preprocessing of pupil data. Pupil data were preprocessed broadly according
to guidelines described by Kret and Sjak-Shie (49). First of all, samples for
which Pupil Labs’ reported confidence at acquisition was less than 90% were
rejected. Then, a step-by-step process marked artifacts for rejection: First, the
5% of data with most extreme (large or small) absolute pupil diameter was
rejected. Next, the 20% of datawith the largest recorded eye gaze eccentricity
was rejected. Next, the 20% of data with the highest instantaneous dilation
speed was rejected. Then, “islands” of continuous data lasting less than 100
ms, and separated from other data by at least 75 ms, were rejected. Then, for
each gap in the data between 75 and 2,000 ms long, the 50 ms before and
after the gap were also rejected. Then, missing data were interpolated, and
the trendline was estimated using a fourth-order Butterworth low-pass filter
with a cutoff of 2 Hz, and the 20% of data that deviatedmost from this trend-
line was rejected. Island rejection, gap padding, and trendline-based rejection
were repeated 20 times, and after the 20th iteration, gaps larger than 250 ms
were labeled as missing data, while smaller gaps were interpolated. Data
were then low-pass filtered (2 Hz, fourth-order Butterworth) and separately z-
scored in each eye. Finally, data from both eyes were averaged together, and
the low-pass filter and z-scoringwere reapplied a final time.
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Data were initially recorded at 200 Hz, which is the maximum available for
the Pupil Labs device and is sufficient to measure changes in pupil size, which
generally occur at much lower frequencies. Sampling rates of 200 Hz or lower
have previously been used tomeasure pupil size (16, 17, 32), and for pupil dila-
tion data, these slower sampling rates have been directly compared and found
to be equivalent with the 1-kHz rate commonly used to measure eye move-
ments (50, 51). Because of the slow time scale of pupil effects, the low-pass
filter applied at the end of preprocessing used a standard cutoff of 2 Hz,
removing energy at higher frequencies. In order to reduce the computational
load for later cluster-based time series analyses, and to facilitate plotting, the
data were downsampled to 50 Hz after all preprocessing was complete.

The preprocessed stream of pupil data were divided into epochs relative to
the onset of T1 on each trial. A critical period was defined between 100 ms
prior to T1 onset and 4,000 ms after T1 onset. Trials with too much missing
data were then eliminated using the following procedure: First, any trial with
more than 15%missing data in the critical period was eliminated. However, if
this resulted in more than 8 out of 24 trials being eliminated in any condition,
the criterion was relaxed for that condition to <50% missing data in the
critical period. The relaxed criterion was used in at least one condition for 15
subjects in experiment 1 and for eight subjects in experiment 2. For each con-
dition and subject, a mean of 16.9 trials were retained in experiment 1 (with
at least 14 trials retained in 90% of cases) and 19.4 trials in experiment 2 (with
at least 16 trials retained in 90% of cases).

The pupil signal on each trial epoch was baseline corrected. Specifically,
the mean over 600-ms period starting 100 ms before T1 onset and ending at
T2 onset was subtracted from the entire epoch. Pupil signals in each condition
were then averaged together to compute a pupil trace for each subject in
each condition. These individual pupil traces are shown in SI Appendix, Fig. S1
for Experiment 1.
Identifying significant effects on pupil dilation. The time course of the main
effect of condition on pupil dilation was measured by computing sample-by-
sample, one-way, repeated-measures ANOVAs of condition on pupil dilation
and recording the F statistic at each sample between 1 and 4 s. A period of sig-
nificance in this time series of F statistics was identified using cluster-based
permutation statistics (52). The F statistics were summed for the largest con-
secutive series (cluster) of values F > 3, and this F sum was compared with the
F sum of the largest F > 3 cluster on 10,000 iterations of the same process,
after randompermutation of conditions for each subject.

The time course of the effects of response entropy and interval size on
pupil dilation were measured by computing sample-by-sample, independent
linear regressions. Beta weights from the regressions were compared with
zero using t tests, and the t statistic at each sample between 1 and 4 s was
recorded. Periods of significance in these time series of t statistics were identi-
fied by comparing the largest cluster of values t > 2 with the equivalent
largest cluster on 10,000 iterations of the same process, with random permu-
tations of sign for each subject.
Modeling effects of response entropy and interval size on pupil dilation. A
significant cluster for the effect of condition on pupil dilation in Experiment 1
was identified at 2.06 to 4 s (see Results, Experiment 1: Response Variability
and Pupil Dilation for Ambiguous Tone Shifts). We modeled the variance in
the mean pupil dilation over this period by fitting two different versions of a
Bayesian hierarchical model, implemented in R using the rjags package (53).
This class of model separately estimates each effect for each subject and also
estimates the hyperparameters of the mean and variance of the distributions
for each effect. The parameters of the model were estimated using the Mar-
kov chain Monte Carlo (MCMC) method in rjags, with three chains initialized
with 20,000 iterations each, and posterior distributions estimated over 10,000
iterations. One version of the model contained a single fixed effect of
entropy:

P = β0 + βH × H + ε

where P is pupil size, H is entropy, β0 is the intercept, βH is the effect of
entropy, and ε is an error term. The other version of the model replaced the
effect of entropy with an effect of interval size:

P = β0 + βS × S + ε

We compared the two models using the DIC, a generalization of the Akaike
Information Criterion (AIC) applicable to MCMC Bayesian hierarchical models
(54). Like the AIC, the DIC is a measure of model performance that penalizes
complexity and can be used to compare models (55). The relative likelihood L
of onemodel compared with another model is given by:

L = e
DIC2�DIC1

2

The two versions of the model using entropy and interval size were compared
with each other on the basis of DIC-derived likelihood, and each version of

the model was also compared against a null model containing only the inter-
cept and error terms.

Experiment 2.
Listeners. A total of 25 adult listeners, 18 female and 7 male and 24 right
handed and 1 left handed, were recruited to participate in the study. The
number of participants was determined before data collection using a power
analysis (available at https://osf.io/nx8tp/); however, because of experimenter
error, the number of subjects recruited was two fewer than recommended by
this power analysis. Recruitment was stopped at 25 subjects before any data
analysis was performed, and the resulting reduction in statistical power was
negligible (from 95 to 93%). In audiometric screening, 23 listeners had thresh-
olds at or below 20 dB HL for octave frequencies 250 to 8,000 Hz, and two lis-
teners had thresholds at or below 35 dB HL for these frequencies. Listeners
ranged in age from 19 to 47 y old (M= 28.48, SD = 7.04) and reported an aver-
age of 3.45 y ofmusical training, with 12 out of 25 listeners reporting nomusi-
cal training at all. When asked to rate their level of musical ability on a scale
from 1 to 10, listeners rated themselves at a mean of 3.00 (SD = 2.10). All lis-
teners gave their written informed consent to participate in the experiment,
in accordance with the Declaration of Helsinki and local ethics procedures.
The experiment was approved by a local ethics committee (CERES, IRB
approval 20154000001072).
Stimuli and apparatus. As in Experiment 1, the auditory stimulus on each trial
was composed of two consecutive complex tones embedded in noise. Most
details of stimulus generation and presentation were identical to Experiment
1, differing only in the size of the frequency shift between tones and the
introduction of harmonic complex tones.

On half of all trials, both tones were Shepard tones as in Experiment 1,
with frequency components spaced at octaves extending above and below
the base frequency (FB). On the other half of trials, both tones were harmonic
complex tones, consisting of a fundamental frequency (F0) and all positive
integer multiples of F0. The same Gaussian spectral envelope was applied to
both tone types, with a centroid of 1 kHz and an SD of 1 octave, with the
maximum level of a single component set to 50 dB SPL.

See Fig. 4 A and B for a schematic depiction of the different experimental
conditions in Experiment 2. Each trial fell into one of three interval size cate-
gories: DL, 2.5 ST, or 5.5 ST and consisted of either Shepard tones or Harmonic
complex tones. The FB (Shepard tones) or F0 (Harmonic complexes) at the geo-
metric center of the two tones was randomly sampled on each trial from a uni-
form distribution of logarithmic frequency on the octave from 260 to 520 Hz
(C4 to C5). The FB or F0 of each tone was then determined based on the inter-
val size for that trial. Within each tone type and interval size category, 12
specific interval sizes were defined, evenly spaced from 5 to 6 ST for the 5.5 ST
category, from 2 to 3 ST for the 2.5 ST category, and from 0.5 to 2 times the lis-
tener’s individually measured threshold in the Threshold category. The variety
of specific interval sizes was designed to prevent listeners from recognizing
and remembering the musical quality of specific intervals from trial to trial.
Measurement of individual thresholds. Before participation in the main
experiment, listeners’ F0 DL were measured using a one-up, two-down adap-
tive tracking procedure, using only harmonic complex tones. Each listener
completed three runs of an adaptive staircase with a starting interval size of
5.95% (1 ST). On each reversal, this interval size changed by a factor of 1.58,
1.26, 1.19, and finally 1.10, with the run completing after the sixth reversal at
the final step sizes. The threshold on each runwas estimated as the average of
the last four reversals, and the three runs were averaged together to get a
final threshold estimate. This estimate was used to define the stimuli in the
Threshold condition of the main experiment for each individual listener. Dur-
ing threshold measurement, participants received feedback after each trial,
showing whether their response had been correct or incorrect. This feedback
was absent during the main experiment. Pupil size was not measured during
thresholdmeasurement.
Main experiment procedure. In the main experiment, on each trial, listeners
heard two consecutive tones, waited until 4 s after tone 1 onset, and then
made two separate behavioral responses. First, they were asked to say
whether the direction of the change was up or down. Second, they rated their
degree of confidence that the first response was correct, on a scale from 1
(“not all confident”) to 4 (“extremely confident”). Pupil size was continuously
measured during the main experiment.

Listeners completed a total of 144 trials in the full test, with experimental
conditions presented in a randomized order. Each combination of tone type
(Shepard or harmonic), direction (up or down), interval size category (DL, 2.5
ST, or 5.5 ST), and specific interval size (12 levels per category) was presented
once. In this way, each listener completed 24 trials within each tone type and
interval size category (12 specific interval sizes in each direction).
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Identifying significant effects on pupil dilation. Preprocessing of pupillomet-
ric data was identical to Experiment 1. For purposes of condition-by-condition
rejection of trials with too much missing data, trials were grouped only by
tone type and interval size category, leaving 24 trials per condition. Individual
pupil traces for each condition and subject in Experiment 2 are shown in SI
Appendix, Figs. S2 and S3.

Cluster-based permutation tests were computed on three different kinds
of time series, with all parameters identical to cluster identification in Experi-
ment 1. Clusters were identified for the F statistics for each effect in a two-
way, repeated-measures ANOVA on pupil dilation with effects of interval size
(DL, 2.5 ST, or 5.5 ST) and tone type (Shepard and harmonic). Clusters were
also identified for F statistics for separate, two-way ANOVAs on Shepard tones
and harmonic complexes, with effects of interval size and mean–split confi-
dence (high or low). Finally, clusters were identified against zero for beta
weights of independent linear regressions for each of three predictors:
entropy, confidence (inverted), and interval size.
Modeling contributions to pupil dilation. We considered the condition clus-
ter previously identified in Experiment 1 (2.06 to 4 s) as our main analysis win-
dow for pupil size in Experiment 2. We modeled the variance in mean pupil
dilation in this window using a Bayesian hierarchical model considering four
independent variables: entropy (per condition), confidence (per trial), interval
size (per trial, in terms of each listener’s DL), and tone type (Shepard or har-
monic). Each of these four variables was z-scored for each subject so that the
units of modeled coefficients are equivalent across factors. In order to deter-
mine the appropriate model, we used a version of the model selection

procedure described by Jaeger (56), wherein one factor at a time is removed
from a large initial model, until the point in which removing the factor signifi-
cantly degrades the model. In order to compare models in this procedure, we
again used DIC, a measure of model fit that avoids overfitting by penalizing
complexity. The reduced version of the model was chosen at each step unless
the DIC of the reduced model was at least +6 relative to the previous version
(i.e., unless the reduced model’s likelihood was P < 0.05 relative to the previ-
ous model’s likelihood). The factor chosen to be potentially removed at each
step was the estimated populationmean closest to zero. The initial model con-
tained 15 total effects, comprising all possible effects: the four main effects,
six two-way interactions, four three-way interactions, and the four-way
interaction.

Data Availability. All behavioral and pupillometric data from both experi-
ments in this article have been deposited in Open Science Framework (https://
osf.io/634ua/?view_only=25755ba7a1d148-81b927bd6f792ec668). All of these
data are analyzed and included in this article.
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